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Abstract
This thesis links an applied mathematics study of oil spill cleanup to a mathematics ed­
ucation study of the efficacy of virtual laboratory activities in physical and mathematical 
sciences. Oil spills will be investigated using a multi-phase Navier-Stokes Direct Numer­
ical Simulation (DNS) code for magnetic fluids, also known as ferrofluids. Simulations 
model cases that are not possible to study in a laboratory experiment or in the real world. 
Simulation results show that scaling up this process involves fluid mechanical obstacles 
and that real world effects, such as seawater contamination, will also impact cleanup ef­
fectiveness. A physics laboratory classroom curriculum based on fluid dynamics virtual 
laboratory simulations is designed to provide an educational experience of oil spill cleanup 
without safety risks or other physical challenges, such as inaccessibly large or small length 
or time scales. Students’ development of intuition for fluid dyanmics, scaling and magnetic 
manipulation were tested, both directly and virtually. In-depth interviews indicate that a 
virtual lab provides a good substitute for a hands-on magnetic fluids lab of this type.
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Chapter 1
Introduction and Motivation
Many high school and college curricula require students to take mathematics and science 
classes separately as a requirement for graduation. In my research, I will be integrating 
mathematics and science in a college physics lesson. Research shows that integrated curric­
ula provides endless opportunities for more relevant, less fragmented, and more stimulating 
experience for learners [3]. In addition, advocates state that curriculum integration helps 
students form deeper understanding of mathematical practices, “see the big picture”, rec­
ognize relevance to life, and make connections among central ideas. Moreover, integration 
helps students think critically and develop a common core of knowledge for success [3].
The science component of the lesson will make use of a virtual lab and a physical 
lab. Since there will be limitations to the lab activity such as safety risk, time efficiency, 
inaccessible size scale and messiness factor, I will be using computer simulations or virtual 
laboratory. The definition of a computer simulation is an interactive program that contains 
a model of a natural or artificial system or process [7].
Specifically, oil spills are dangerous because of the oil and because of the realistically 
large samples. For this reason, I included a virtual lab component, providing a lesson that 
will allow students to explore a model oil spill clean up using magnetic fluids also known 
as ferro-fluids. Oil spills are rare but high impact events, which have devastating and long 
lasting environmental and economic impacts. The BP Deepwater Horizon disaster of 2010
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is the most recent high profile example. There are several methods currently in use to clean 
up oil spills, the most common use booms and skimmers which corral the contaminated 
surface layer, followed by “scrubbing” with some oil-attractive brushes and or chemicals. 
Such methods are effective in calm seas but very inefficient in the case of rough water. 
Some methods such as burning and dispersants can be effective but are environmentally 
unfriendly to the atmosphere and marine life. Other methods involve centrifuges or gravity, 
taking advantage of the different density of oil and water, but are much slower.
I will incorporate a virtual laboratory using the Montclair State University 2D Multi- 
Phase Direct Numerical Simulation (DNS) code for magnetic fluids. The DNS code gives 
students the opportunity to investigate oil spills without direct exposure to oil or need for 
large, expensive and dangerous quipment. The benefits of virtual and physical laboratories 
allow students to bring real world applications into the classroom and allow students to 
have ’’hands-on” experience.
In chapter 1 ,1 introduce the reader to the topic of virtual and physical laboratories and 
magnetic fluid. Then, I describe the benefits of physical and virtual laboratories to enhance 
students’ learning in the classroom and the research questions I am trying to answer in my 
research. Chapter 2, Methods describes the development of the lesson plan, the participants, 
interview process, data collection, transcription and analysis.
Chapter 3, Results, is base on students’ interview answers and virtual and physical lab 
activities. Finally, Chapter 4, Summary and Future research, gives an overview of what 
was found in this thesis project and looks ahead to future extensions and improvements.
1.1 Research on Physical and Virtual Laboratories
Physical and virtual laboratories can achieve similar classroom and educational objectives, 
which include exploring the nature of science, developing team work abilities, cultivating
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interest in science, promoting conceptual understanding of mathematically concepts, and 
developing inquiry skills [6]. Moreover, in virtual laboratories, students can directly link 
unobservable processes to symbolic equations and observable phenomena, which encour­
ages them to make generalization across different representations [6]. In addition, virtual 
experiments offers efficiencies over physical ones because they typically require less setup 
time and provide results of lengthy investigations almost instantly. Generally, a virtual 
lab allow students to perform more experiments and gather more information in the same 
amount of time [6].
The National Council of Teachers of Mathematics (NCTM) includes the use of technol­
ogy as a Principle for school mathematics [11]. According to the Principle, technology is 
essential in teaching and learning mathematics; it influences the mathematics that is taught 
and enhances students’ learning [11]. The computational capacity of technological tools 
extends the range of problems accessible to students and also enables them to execute rou­
tine procedures quickly and accurately. Technology should not be used as a replacement 
for basic understanding rather it should be used to foster understanding [11].
1.2 Ferrofluids and applications (Oil Spills)
Magnetic fluids also known as ferrofluids, are suspensions of magnetic nanoparticles in a 
carrier fluid, which is often an oil. As a result, ferrofluids and water are immiscible, main­
taining two distinct phases. Ferrofluids are attractive because they are easily manipulated 
and controlled remotely by applied magnetic fields, making them useful in industrial and 
biomedical applications.
Recently Markus Zahn and collaborators at M.I.T. presented a new method of oil-spill 
cleanup that relies on magnetic fluid control [8]. In this MIT method, a powder of magnetic 
nanoparticles is spread on the oily surface, making it behave like a magnetic fluid. Then,
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boom and skimmer technology is used to bring the contaminated surface layer of water 
aboard a boat where a system of magnets: (i) pulls the (magnetized) oil from the water, and 
then (ii) collects the oil in a holding container, allowing clean seawater to be returned to the 
sea. This method is effective in oil recovery because it is environmentally safe, and allows 
minimal loss of material compared to other methods in open water [8].
1.3 Direct Numerical Simulation (DNS) of Magnetic fluids 
and Modeling The Oil Spill Configuration
Ferrofluid responds to a magnectic field in mainly two ways :
1. The viscosity may be altered and
2. The forces or stresses may be exerted, causing motion.
In configurations where ferrofluid and another fluid are combined, these stresses or 
forces occur dominantly at the surface or interface of two fluids. The two fluids configura­
tion is also common because bulk ferrofluid is completely opaque and cannot be seen into 
except by hi-energy X-rays.
Recent advances in accurate surface tension algorithms and computing power have 
opened doors to the use of Direct Numerical Simulations (DNS) to model the flow of Mag­
netic Fluids and to guide the design of new ferrofluid applications. The Volume of Fluid 
(VoF) type code developed at Montclair State University simulates Magnetic fluids by mod­
eling their dynamic interface behavior with high-order accurate curvature algorithms that 
compute surface tension at interface. In the study using DNS, Korlie et. al [9] examined 
the case of non-magnetic fluid rising buoyantly through a ferrofluid and a falling droplet 
of ferrofluid. The simulations are in two-dimensions and use a uniform vertical magnetic 
field [9].
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The governing equations used in the study by Korlie and colleagues [9] involved one
nonmagnetic and one magnetic fluid of permeability p and susceptibility \  — ^  — 1. 
Assumptions were made that p  and x  are constant and there is an equilibrium magnetization 
M  =  M 0 =  x H  where M x H =  0. The authors used an approach that is consistent 
with Volume Of Fluid and treats the multi-component fluid as a single fluid with spatially 
varying density p , viscosity and magnetic permeability.
In Montclair DNS code we used a modified Navier-Stokes equation neglecting striction:
where g is gravity, p is hydrodynamic pressure only, p  is constant but acts on the interface 
and jumps in value. We also assume that fluid is the isothermal and incompressible fluid [91,
Furthermore, we use an approximation in my simulation code, the (magnetostatic) Maxwell’s 
equations, V x H  =  0 and V • B =  0, where B = p 0(H + M) [9].
Today, Computational Fluid Dynamics (CFD) is a scientific subject that plays a role 
in countless biological, environmental and technological problems. CFD is the solution of 
fluid dynamics partial differential equations by numerical calculation on a computer. At the 
center of most CFD are the Navier-Stokes equations that describe the dynamics of fluids 
with viscosity. All realistic fluids have some viscosity, or internal friction. Oil, for example, 
has more viscosity than water, but usually less than honey. The Navier-Stokes equations are 
nonlinear and very difficult or impossible to solve without a computer in most problems.
( 1. 1)
V • u = 0 ( 1.2)
V • ([1 +  x]V0) =  0, (1.3)
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CFD has become an essential tool in the study of fluid flows.
1.4 Research Questions
My research is designed to answer the following questions:
1. Does the use of an oil-spill clean up virtual laboratory enhance students’ learning 
when compared to an oil-spill clean up physical laboratory?
2. How will the separation of oil process scale up to realistic sizes of water samples?
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Chapter 2
Methods
In this chapter, I will discuss in detail how my study was design and conducted. I will 
discuss my lesson plan development and the participants involved. I will also discuss the 
design of the interview, the interview process , simulations and finally, data collection, 
transcription and analysis.
2.1 Development of Lesson and Lab
I developed my lesson in an effort for students to explore and compare an oil spill clean up 
ferro-fluid physics lab to a ferro-fluid virtual laboratory of an oil-spill clean up. In addition, 
I created the lesson to be student centered, collaborative, and focused on critical thinking.
The lesson consisted of defining an oil spill, its causes, the different clean up methods 
and a brief introduction to non-dimensional numbers and scaling, using examples from the 
work of G.I. Taylor and Osborne Reynolds.
The lesson describe the British scientist Osborne Reynolds’ experiment to study how 
the flow of water transitioned from smooth, or laminar, in appearance to a complex, or tur-
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bulent state. Reynolds used a simple experiment for his study, a long transparent pipe. His 
actually experiment can still be seen today in a museum in England. The experiment’s sim­
plicity allowed it to be easily repeated and to be easily analyzed mathematically. Reynolds 
was able to show that the behavior of the fluid, which appeared to depend on its speed, in 
fact depended on a single “parameter” Re that today we call the Reynolds number. The 
Reynolds number is defined as
Re :=  — , (2.1)
V
where U is the characteristic speed of flow, L  is a characteristic length-scale and v is 
the fluid’s viscosity, a constant coefficient. In this ratio, units cancel and Re is non- 
dimensional. Note that v is the kinematic, or density weighted viscosity and is related to 
ordinary viscosity, p, by v — p/p,  where p is the fluid density. Later, another British scien­
tist named G.I. Taylor applied Reynolds’ idea of a single characterizing parameter to many 
other problems. Taylor found that more complicated flows, such as those involving more 
than one type of fluid or difference forces, usually require more than one parameter. These 
types of parameters are very powerful because they remove the need to work directly with 
dimensions, which can be inconvenient. More importantly, a non-dimensional parameter 
improves understanding by showing what factors compete in determining the way a flow 
behaves. Taylor’s work helped to develop this approach into the method o f scaling that 
is now an important branch of applied mathematics, the subject of many textbooks (see, 
e.g. [2]). G.I. Taylor’s fluids experiments were so instructive that recently it was proposed 
that a subset be used as the basis for a university course [4].
In the “live” lab component, students had to perform a lab activity within groups. The 
lab activity had three sections for groups to complete. In each group there was a timekeeper, 
note taker, observer,and oil remover. I allowed multiple students to have the same role. In 
addition, I gave groups a maximum of five minutes to complete each section and record 
their results because of time constraints of one class period. The first section involved
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separating ferro-fluid from water. As step one, each group had to obtain a large cup (16 
oz), a small cup (6 oz) of Ferro-fluid, stopwatch, magnets, pipette or syringe, spoons and 
paper towels. Next, students had to fill the large cup half way with water or sugar water. 
Then, add two to three spoons of ferro-fluid into a cup of water. When the oil remover 
places the magnet on the side of the cup to remove the ferro-fluid, the timekeeper starts 
the time. The activity is complete either when the time has expired or all ferro-fluids have 
been removed from the water. The second and third section consisted of removing oily 
ferro-fluid (a mixture of half canola oil and half ferro-fluid) and Canola oil from water 
respectively. Groups had to follow the same procedure in the first and second sections. 
Apart from the first and second section, in the third section groups can use any method to 
remove Canola oil.
The final section is the virtual lab component. Groups had to perform the computer 
simulation activity, or Virtual Lab. In this phase, students were told that they were using an 
actual scientific research code, that is currently in use by Montclair State researchers. Stu­
dents were also told that simulation codes normally have idealized or unrealistic elements 
and/or assumptions and the assumptions were explained to them. Finally, the students were 
told that, based on their experience with the lab activity, they would now run two simula­
tions of magnetic cleanup of an oil layer on water. These two simulations modeled identical 
situations but for one difference: in one case, the experiment was taking place in a 10 cm 
by 10 cm container, while in the other case, the experiment was taking place in a 1 meter 
by 1 meter container. Students were to decide, based on the fluid motion or other physi­
cal clues visible on the computer screen, which case was the smaller (or larger) container 
and to explain their reasoning. For the two simulations, Case A and Case C (see § 3 and 
Table) were chosen because they exhibit dramatically different dynamical evolutions (see 
Fig. 3.2).
Finally, interviews were held following the computer simulations. Please see Appendix 
C for a sample lab packet and interview questions.
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2.2 Participants
The participants for this study were students recruited from an undergraduate college Physics 
II Lab from Montclair State University in New Jersey. Most students in the class had taken 
a form of college mathematics such as pre-calculus. I was not a teacher’s assistant in this 
class thereby reducing potential bias.
The classroom had twenty-four students; four groups of six students were organized 
during the lab activity. All students in groups were anonymous and randomly selected dur­
ing the lab activity therefore the lab sheets were marked A,B,C and D respectively for each 
group. I had the flexibility of choosing six students to do interviews. I initially considered, 
randomly selecting 8 students but because of time constraints I chose six participants for 
the interview. In consideration of the needs and requirements of transcription, I selected 
the four participants whose interviews were most clear and whose responses aligned with 
the questions. All of required IRB protocols were followed, (refer to appendix D )
2.3 The Interview Process
To investigate students conceptual grasp of magnetic manipulation of fluid, I wrote a set 
of questions to interview students after the lesson. Interviews were conducted the same 
day as the lesson activity. Each interview was recorded using the iPhone 5 Digital Voice 
Recorder and was held in a separate room attached to the classroom so that interviewees 
would not be distracted by any classroom activity such as noise or their peers. Cohen et. 
al [5], suggested that the interviewer should establish an appropriate atmosphere so that 
participants could feel secure talking. The interview lasted approximately five minutes per 
participant.
All interviews started with a question asking students for conceptual understanding and
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examples: e.g. “do you clearly understand the concepts and lesson o f the activity?” If 
students replied no I followed up with, “ explain what you did not understand and why?” 
If a student replied yes, I asked, “Give an example o f something your understand?”.
During the interview process I used serveral techniques that would keep the conver­
sation going, and motivate students to elaborate their thoughts. For example if a student 
froze up during an interview question, I asked him or her to reflect on the lab activity just 
completed and relate it to the questions. Typically, this occurred at least twice during each 
interview. Transcripts of interviews are in Appendix C. To preserve anonymity students’ 
names were not included in the transcripts.
2.4 Simulations
Magnetic fluid can easily be contained by using a magnet. Zahn et. al [8], proposed that 
oil spills can be cleaned up using an improved five step magnetic seperation method. They 
performed only small scaled lab tests because larger tests are impractical and expensive. 
Simulation are a better option to explore practicality of large-scale cleanup. This requires 
an efficient, flexible Direct Numerical Simulation (DNS) code for magnetic fluids and wa­
ter. Montclair State University code is a suitable choice in performing these experiments.
A simulation experiment is performed on a basic two layer configuration of (magnetic) 
oil and water, in which a magnet is used to extract the upper oil layer in a direction parallel 
to the interface. We will define a thickness, d or the oil layer and a size, L-(meters) of the 
computational box, which will also be the width of the oil and water layers, and will define 
the aspect ratio d/L.
Goals of Simulation Code:
1. Make a realistic clean-up experiment.
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2. The simulation will test and examine different box sizes L-(meters), viscosity of gas 
(water) and liquid (oil) p-gas and p-liquid respectively and surface tension <r. Surface 
tension is a concentration of intermolecular forces at sharp interfaces; it is the force 
that acts throughout the volume of the fluid. Viscosity is the resistance a material 
has to change in momentum (and thus intial shape), and it is also described as the 
internal friction.
Therefore, from the effectiveness of simulations and their impact on student’s understand­
ing, I will be examining that DNS is the best tool to design new strategies of magnetic oil 
spill clean-up and that DNS results are physically realistic.
2.5 Data Collection, Transcription and Analysis
In order to collect and analyze data for this study, approval from Montclair State Insti­
tutional Review Board had to be obtained and students had to be recruited. Following 
approval, I had to review all lab packets from the classroom activities to determine if all 
questions in the packet were complete. Following the lab activity and interviews, I had 
to transcribe the interviews. Transcribing the interviews required about one hour each be­
cause I had to listen, replay and understand each word the participants said in order to enter 
it accurately as text into Microsoft Word.
The next stage involved interpreting and analyzing the interview responses. I thor­
oughly organized and synthesized interviews looking for key concepts [5]. Each interview 
was organized into question-by-question categories. For example, the responses for ques­
tion one were in a category called Q l, response for question two were in a category called 
Q2, and so on for the other questions.
After synthesization was completed, I searched each interview for similarities, differ­
ences, patterns and themes. I highlighted the themes with different colors to help me distin-
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guish the themes from one another. For example, each time an interviewee spoke about the 
desired outcome of the oil extraction and simulation, I highlighted the section blue. Each 
time an interviewee commented on how the study could be more effective, I highlighted the 
section yellow. Each time an interviewee showed signs of understanding, I highlighted the 
section red. Each time an interviewee gave their thoughts on oil removal and simulation, I 
highlighted the words green.
I wrote abbreviations to represent the different themes being discussed in the trancript. 
I wrote “LU” for students’ learning and understanding, “E f ’ for efficacy of the oil removal 
and simulation, Fb for feedback and “Pc” for students’ perceptions.
In order to refer back to quotations, I developed a key: QJInterviewee}}, Q}} stands 
for Question number and Interviewee}} stands for students’ responses. For example, Q5 
Interviewed refers to question number 5 and from interviewee number one.
In the following chapters, I elaborate my findings of my research questions and provide 
a summary and analysis of the interviews.
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Chapter 3
Results
In this chapter, I will discuss the results from the simulation and the physics classroom 
virtual lab.
3.1 Simulations of magnetic oil-spill cleanup
When an oil spill occurs, a thin layer of oil spreads out on the surface of the sea and evolves 
over time due to wind and sea currents. Cleaning it up is difficult because fluid is generally 
hard to control when it is not contained. Magnetic fluids, on the other hand, can be easily 
manipulated in a “hands-off” way using a magnetic field. The oil-spill cleanup method 
of Zahn [8], which involves magnetizing the oil layer, is therefore very significant. If a 
magnet is applied to a magnetized layer of oil it will respond by moving toward the high 
field -  the strongest region of magnetic field. But the way that the magnetic oil moves will 
also be strongly affected by how extended the oil layer is, how thick the oil layer is, how 
viscous the oil is, among other factors. This makes it impossible to predict how effective 
magnetic oil spill cleanup will be when changes are made to the size of the region, or 
for different types of oil, having different viscosities, to name just two examples. This
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chapter of the thesis examines the impact of the above-named properties on the flows setup 
during oil-spill cleanup. This chapter relies on Direct Numerical Simulations (DNS) using 
a Volume of Fluid (VOF) code. Because it is not practical to examine more than a few 
properties, this study focuses on the effects of box (domain) size and oil viscosity, but 
the effect of surface tension will also be briefly examined. For ease of computation, only 
two-dimensional regions will be simulated in this thesis and the magnetic fields due to the 
magnetic fluid will be neglected because it is always much smaller in magnitude than the 
field of the magnet imposed to drive the cleanup flow.
3.1.1 Setup of the Simulation Domain and Physical Parameters
Simulations are performed in a square two-dimensional domain (“the box”) of side length 
L  meters. The numerical resolution is fixed at 1282 grid cells, which is enough to expect 
well converged results, as shown in Korlie et al [9]. The time-step is chosen to ensure 
accuracy and stability according to the CFL condition. The densities of oil and water are 
similar; to speed the computation, the densities are set to be equal, making any gravitational 
forces negligible. In practice, the magnetic forces that are the focus of this study will be 
much stronger than gravity. The applied magnetic field is imposed by choosing a quadratic 
magnetic potential function:
cf) = ax +  bx2 (3.1)
where the constant a = 0 in this study and b is held fixed. The field is then given by 
H  =  V<f>. This field can be thought of as an extended vertical magnet placed along the 
right edge of the simulation domain. This will attract magnetic fluid to the right wall of the 
box. The initial field can be seen in Fig. 3.1 A layer of magnetic oil of thickness h meters is 
placed such that its bottom lies a height L /2 above the bottom of the box. Water surrounds 
the oil both above and below in order to avoid simulating three distinct phases, requiring 
a more complex VOF code. The viscosity of oils varies widely depending on the type of
15
Case L (meters) l l O I L  (SI) (SI)
A 0.1 0.005 0.05
B 0.2 0.005 0.05
C 1.0 0.005 0.05
M 0.1 0.010 0.05
N 0.1 0.050 0.05
Z 0.1 0.005 0.005
Table 3.1: Parameters used to define the Cases discussed in the text. Case A is the reference setting and closest 
in values to the Zahn experiments. B and C examine the larger boxes relative to A; M and N examine larger 
viscosities compared to A; while Case Z examines large surface tension. All values are in SI units: length in 
meters; dynamic viscosity, fi, in Newton meters per second-squared and surface tension, a, in Newtons per 
meter.
oil, which may depend on the area of its extraction or on its stage of refinement. Since an 
oil spill may occur at any stage of oil processing, it is critically important to understand 
the effect that varied oil viscosity will have on the cleanup flows. Oil viscosity values we 
taken from the study of Al-Besharah et al [1], who provided values for both light, medium 
and heavy crude oils and oil blends. Note that petroleum oils can be from 5 to 500 times 
more viscous than water, but generally are not more than 100 times more viscous. Standard 
values are used for the viscosity of seawater and for the surface tension coefficient between 
oil and water, although in one simulation experiment the surface tension was varied. In the 
study performed here, the box size, L  is varied in order to examine the impact of the flow 
during oil spill cleanup. The box size is a critical parameter because it permits simulations 
to study the “scale up” problem that is needed to implement any new industrial process 
on the large scale. Because the applied magnetic field is set by the size of the box, the 
field strength scales proportionally to the box size. If this were not the case, then when 
increasing the box from 10 cm to 1 meter, it would be necessary to independently increase 
the field strength by hand. Otherwise the magnetic oil layer in the 1 meter box would feel 
an ineffectively weak magnet. A full presentation of the simulation parameters is given in 
the Table.
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Figure 3.1: The VOF function (left) and the magnetic potential field (right) at the beginning of a simulation 
(t =  0); view is from the side (vertical cross section) of the oil (blue) and water (green) layers; magnetic 
potential is quadratic (see text) and contour lines are evenly spaced equipotentials. Case A.
3.1.2 Parameter study of domain size, viscosity and surface tension
The effect of the box size is critical to understand because it allows simulations to plan 
large scale, in the field oil spill strategies without building and re-building costly and bulky 
laboratory experiments of scaling. In this thesis, box sizes ranging from 10 cm 2 to 1 m 2 are 
compared, as detained in the Table. The results, as shown in Fig. 3.2, are striking: larger 
box sizes do not allow efficient cleanup because rapid motions induce turbulent motions 
which fracture and disperse the oil. Although in all cases most of the oil remains the right 
of the box mid-line, Case C consists of hundreds of small oil droplets, which respond 
poorly to the magnetic field. The effect of oil viscosity is examined by comparison of 
cleanup dynamics and effectiveness for three values of viscosity, ranging over a factor of 
ten as given in the Table, Cases A, M and N. As shown in Fig.3.3, Cases A and M show very 
little difference, both in terms of the time efficiency with which oil is pulled to the right and 
their final states. While Case N shows a noticeable difference, the quantitative impacts are 
small. For example, if the amount of oil to the right of the box mid-line is compared at t = 4 
sec, it is clear that higher viscosity reduces the effectiveness of cleanup. Nevertheless, by 
t = 5 sec, each case shows a final state of efficient cleanup. The viscosity slightly slows
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Figure 3.2: Study of the effect of Box size: Cases A,B and C; shown is the oil layer at t — 1, 2 ,3 ,4and5 sec 
for Case A (left), Case B (center) and Case C right).
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Figure 3.3: Study of the effect of Oil Viscosity size: Cases A,M and N; shown is the oil layer at t — 
1 ,2 ,3 ,4ano?5 sec for Case A (left), Case M (center) and Case N right).
the timescale of motion, but have little impact on the effectiveness. The effect of surface 
tension was examined by decreasing the oil-water surface tension by a factor of 10: Case
19
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Figure 3.4: Study of the effect of Surface Tension: Cases A and Z; shown is the oil layer at t  — 1, 5and5 sec 
for Case A (top) vs. Case Z (bottom).
Z of the Table. Such a reduced viscosity is reasonable, based on the natural variations of 
surface tension that occur due to impurities of the oil and / or contaminants accumulated 
from the sea surface, which are likely to be organic. The results are displayed in Fig.3.4 
where it is clear that a reduced surface tension leads to a more poorly contained oil region. 
Even at the final time, t = 5 sec, the breakup allowed at low surface tension has led to un­
captured regions. The reduction of surface tension would therefore be a big impediment to 
the effective oil-spill cleanup by magnetic forces.
3.2 Physics classroom Virtual Lab Results (Interview re­
sponse analysis)
In this section, I will discuss the results of my findings from the in-class activity to sup­
port question one of my research. This includes students perception and feedback, their 
thoughts on the oil removal and simulation activity, what they learned and understood; all 
this in conjunction with mathematics educational journals to support my findings. After
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thoroughly reviewing the four-group packet and interview transcripts, I determined that the 
students clearly learned and understood the ferro-fluid lab and simulation lab activity. Re­
gardless of the small sample of four-interview transcriptions, the responses will allow my 
data to be more precise. All four interviewee stated “yes” they clearly understood the con­
cepts and lesson of ferro-fluid and simulation lab activity (Q1 interviewee 1-4). In order to 
further check for understanding, each group had to identify which virtual simualtion case 
was the larger container. After reviewing the lab packets all groups had accurate answers.
In regards to the ferro-fluid and virtual lab activity, my goal was to use the virtual lab 
as a scaffold to enhance students understanding. The students valued the simulation lab 
activity that was indicated in the interviews. For example, Interviewee3 had this to say 
about the virtual lab:
“ It can give you a better understanding on whats happening with the chemical or oil that 
is being investigated. So, I guess that helps in a lot of ways. It shows you that everything 
that happens on a computer does not happen in real life. Computers will keep it prim and 
proper; whereas in the real world that is not always the case.” (Q5interviewee3)
The simulation allowed students to do excessive trials in less amount of time compared 
to the physical lab. Interviewee 4 stated that: “With computer simulations you can use a 
trial and error method... ”(Q7Interviewee4).
Researchers noted that, virtual experiments offers efficiency over physical experiments 
and enable students to perform more experiments and gather more information in the same 
amount of time it would take to do a physical experiment [6]. Simulation enhances students 
ability to have a better visualization of the interaction between the ferro-fluid and magnet 
during the experiment. Therefore simulation gives students a better way of understanding 
the purpose of the experiment, allowed students to conduct extensive trials, which made 
the lab meaningful,both scientifically and pedagogically.
It was very interesting to receive students feedback comparing the simulation lab to the
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physical lab. Students were able to test different size boxes in the simulation and were 
able to see how effective the use of simulations were compared to the physical lab. One 
student noted that: “Simulation can give an idea of how efficient it will be based on the 
size. We had one that was 10cm and one that was 2 meters and it was clearly [a] different. 
Scientists are able to see how efficient it will be in a larger scale rather than a lab setting.” 
(Q5Interviewee2). Eckhardt et al. [7] found that computer simulations provide learners 
with the chance to actively engage in multiple scenarios. Learners can change given pa­
rameters of their own choice and directly observe the consequences of their manipulations.
Another student also commented on the positive use of simulation. The student also 
realized that more students could participate in the simulation activity, visually: “More 
people can participate by looking at the simulation (as opposed) to watching it (ferro-fluid 
lab activity) in a group setting. There is only (two people needed) the time keeper and 
the person who is removing the thing (ferro-fluid oil) with the pipette. (Q6Intervieweel) 
Students expressed that the use of simulation is positive but they noted that there are limi­
tations. One student noted: “It (simulation) gives a demonstration of some of the possible 
outcomes. There are limitations to the simulations. You might see something but you 
would have to test it out to see what will happen. (Q4Interviewee4). Another student noted 
that, “ computers will keep it prim and proper; whereas in the real world that is not al­
ways the case. (Q5interviewee3). Students found that the simulation was most helpful after 
the lesson was taught. The feedback students gave was generally positive and indicated a 
strong desire to incorporate modeling and the use of simulations in the classroom.
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Chapter 4
Summary
In this section, I summarize the thesis and present the major findings. First, the research 
findings of the oil-spill cleanup will be presented. Finally, the findings of the educational 
study, along with its implications, will be presented. The goal of this study was to find 
whether the use of virtual laboratory modeling magnetic separation of oil spill clean up 
could enhance study learning in the classroom. In order to evaluate this, a classroom activ­
ity for a physics lab was designed which combined physical and virtual magnetic oil spill 
cleanup activities. To design this activity, a simulation based research study was conducted 
on the impact of scale, viscosity and surface tension on magnetic oil-spill cleanup. The 
results of this study along with relevant background material were presented to students in 
the lab. After the lab activity, students were interviewed. Four students took part in my 
interview, each chosen from four different groups that participated in a lesson activity on 
simulating an oil spill clean up with the use of ferro-fluids.
The classroom activity comprised of groups performing an oil spill clean up ferro-fluid 
physics lab and a computer simulation ferro-fluid oil-spill clean up lab. In the ferro-fluid 
tradition physics lab, groups had to remove ferro-fluid, oily ferro-fluid and Canola oil from 
water respectively using magnets, pipettes, sponges, or spoons. Similarly, in the virtual
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lab groups were able to run two simulation of magnetic cleanup of oil layer on water. The 
two simulation models used were a 10 cm by 10 cm and a 1-meter by 1-meter container. 
Without knowing the differences in size, the students had to observe the fluid motions and 
other physical clues visible on the screen to predict which container was the smaller or 
larger and explain their reasoning. Students had the opportunity to change the viscosity or 
surface tension of the oil and water and run and compare the results. In the final section of 
the lesson, groups had to list pros and cons between the ferro-fluid lab and simulation lab.
The following is the summarized answers to the two research questions:
Question 1. Does the use o f an oil spill clean up virtual laboratory enhance student's 
learning when compared to an oil spill clean up physical laboratory?
Students gave positive reactions and feedback to the computer simulation lab or virtual 
lab activity. In summary, virtual laboratory enhances students learning ability also students 
learn more content compared to students using real equipment [13]. A sa  result of the in- 
depth interviews, students believed using the computer simulations over the physical lab 
gave them a better understanding of using ferro-fluid in oil spills cleanup. In addition, 
students should use simulations as a scaffolding tool to build upon prior knowledge and to 
develop conceptual understanding of mathematical contents.
Question 2. How will the separation o f oil process scale up to realistic sizes o f water 
samples?
My simulations suggest that too large a box will produce many smaller droplets because 
at larger scales surface tension is not as important, so there is more breakup as fluid accel­
erates toward magnet. The result from the simulations from the large box sizes develops a 
more complex flow. The evidence for this, shown in Fig. 3.2 shows smaller fragments of 
ferro-fluid develops at the end of the simulation. The result shows that scaling up will not 
work because:
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1. You will get too messy of a result as shown in, Fig. 3.2, when the magnet scale is up.
2. When a bigger box is chosen with the same magnetic field as the smaller box, the 
flow of the fluid will progress slowly since the same force acts on a much bigger 
sample.
4.1 Conclusion
The participants in this study had never used computer simulations before the lesson, nor 
did they know about magnetic fluid before the lesson. Based on students’ overall experience 
with the simulation activity, they felt that simulation added value to what was established 
in the physical lab; simulation gave them a different visual outlook on the interaction be­
tween the magnet and ferro-fluid, and it was found to be both fun and educational. The 
results that were found from interview analysis were supported by mathematics educa­
tional research on virtual laboratory pedagogy. It seems clear that additional research on 
modeling would help teachers determine whether virtual simulation can influence students 
mathematics skills and learning in the classroom.
4.2 Implication for Future Research
For future research, the physical Lab would incorporate optimization word problems where 
students can investigate how long it will take to clean up an oil spill and how much will it 
cost a company along with the virtual lab. Through this study the researcher could com­
pare and contrast students’ performance and comprehension skills through solving word 
problems. Another study could investigate the time efficiency of the process scale with the 
desired degree of water purity.
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4.2.1 Educational Implications
Integrating mathematics and science in high school curricula can be a difficult task because 
educators have to create new curriculum materials; teacher preparation and professional 
development would be needed to for this change to be successful [3]. My study supports the 
idea that, when mathematics and science are integrated they are learned in a similar manner. 
Therefore, it will be convenient for these subjects to be taught together in a classroom.
Hands-on and numerical simulations (virtual lab), when paired in a physics lab, gives 
more physical insight by allowing students to do more: see larger scales, manipulate more 
dangerous situations (large magnets, real oil) safely. Students were not discouraged by the 
lack of “realism” of the numerical simulations. Students were able to draw correct con­
clusions about physical phenomena that they saw mainly as numerical simulations (every 
group correctly identified the correct box sizes).
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Appendix A
Lesson Activity
Group: Date:
Oil Spill Clean Up Ferrofluid Physics Lab
Congratulations!!! You landed your first job for an oil company. A few days 
after you are hired, your company has made a major oil spill affecting about 
200 kilometers of coastline along the Gulf of Mexico and covering 1000 square 
kilometers of sea surface. You are part of an elite team of mathematicians and 
engineers who have been given a challenge of containing and cleaning up the 
oil spill. Some materials have been provided to execute the Oil Spill Clean Up.
Read through this lab and listen to the lab introduction, which describes 
magnetic and traditional oil-water separation strategies.
Next, Meet in your groups to discuss the problem you need to solve!! Assign a 
Time Keeper, Note Taker, Observer and Oil Remover. Multiple students can 
have same role.
B oat drawn skim m ers attem pting to clean an oil spill
30
Ferrofluid on a sheet o f glass being drawn to a m agnet below.
Canola oil and water (1), oil with ferro-fluid (2), ferrofluid and water (3) & 
when an external magnetic field is applied outside a glass (4)
Background: Magnetic liquids, Oil Spills, Clean-up
A F erro -flu id  is a liqu id  th a t  is m ad e  u p  o f tw o  p a rts : (1) a c a rr ie r  fluid 
(usually  oil) an d  (2) m agnetic  p a rtic les  th a t  a re  ex trem ely  sm all. In th e  F erro-flu id  
th a t  w e w ill be  using  for th is  lab, th e  m agnetic  p a rtic les  w ill be  Fe304, w hich  is also  
k n o w n  as  M agnetite. Ferro-flu id  is a  colloid, an d  b ecau se  th e  M agnetite  p a rtic le s  in 
it  a re  so  sm all th ey  do  n o t se ttle  o u t du e  to  B row nian  m otion . F erro -flu ids a re  
usu a lly  on ly  m ag n etized  in  th e  p re sen ce  o f an  ex te rn a l field, b ecau se  th e  a ttra c tio n  
b e tw een  th e  p a rtic les  th em se lv es is v e ry  w eak . As sh o w n  in  th e  p ic tu re  above, 
F erro -flu ids fo rm  v e ry  in te re s tin g  sh ap es  w h en  u n d e r  th e  in fluence o f an  ex te rn a l 
field. T his is a re su lt o f in s tab ility  in th e  s tru c tu re  o f th e  Ferro-flu id , causing  i t  to  
stab ilize  along  th e  p eak s a n d  tro u g h s  o f th e  ap p lied  field in th e  "hedgehog" sh ap e  
y o u  see  above. A n o th er im p o rta n t p ro p e r ty  o f th e  F erro-flu id  b e ing  u sed  in th is  lab 
especia lly  is th a t  i t  is v e ry  w etting . T his m ean s  th a t  th e  F erro-flu id  w ill n o t fo rm  
b ead s  o r  d ro p le ts  like w a te r. In stead , th e  F erro-flu id  w ill stick  to  th ings, like th e  side 
o f a cup  o r  so m eth in g  like t h a t  This m akes i t  h a rd e r  to  w o rk  w ith , as i t  w ill be far 
m o re  d ifficult to  o b se rv e  th e  m o v em en t o f th e  fluid if  th e  co n ta in e r ho ld ing  th e  
flu id’s sid es is co v ered  w ith  th e  liquid , w h ich  is as b lack  as  ink.
T h ere  a re  m an y  rea l-w o rld  ap p lica tio n s  fo r  Ferro-flu id . T hese  include F erro - 
fluid seals o n  h a rd  d rives, spacecra ft p ro p u lsio n , optics, a n d  a  v a rie ty  o f m edical 
app lica tions. In th is lab, w e w ill b e  focusing  o n  th e  u se  o f F erro -flu id  to  clean  up  oil 
spills w ith  as m uch  oil reco v ery  as p o ss ib le  w ith  as little  dam age to  aq u a tic  
ecosystem s.
W hat is an Oil Spill?
A n Oil Spill is the release o f  a liquid petroleum  hydrocarbon into the environm ent 
especially in m arine areas from  natural leaks, offshore platform s, ships, tankers, drilling 
rigs and wells. The 2010 BP Oil spill is considered one o f  the largest spills in history o f  
the petroleum  industry. BP estim ated 3.26 m illion barrel o f  oil were release into the G o lf 
Coast. BP used m any different methods for the oil clean up which includes; Booms, 
Skim mers, Absorbers and Dispersants.
Definitions:
Absorber- material used to m ake up boom s that help absorb oil while it is being 
contained
Boom - an oil containm ent device that floats on the surface o f  the w ater and is use as a 
barrier to  keep oil in or out o f  specific location
Brownian motion-is th e  ran d o m  m otion  o f p artic les  su sp en d ed  in  a fluid e ith e r 
liqu id  o r  a  gas resu ltin g  from  th e ir  collision  w ith  th e  qu ick  a to m s o r m olecu les in  a 
fluid
D ispersant- chemical sprayed on oil to cause it to break up and sink
Skim m er- a floating boom  system that sweeps oil across the water surface, concentrating
the oil
M aterials:
B eaker Ferro-fluid Oily Ferro-fluid Canola o il Spoon
Pipette/syringe Paper towels M agnet(s) Stopwatch Sponge
Procedure:
Caution: W hen pouring Ferrofluid into cup DO N O T place m agnets anywhere near it 
Part A.
1. Obtain 3 sm all cups: 1 with Ferrofluid, 1 w ith Canola oil and one for mixing
2. O btain pipette/syringe, spoon, m agnet(s), sponge, paper towels & a stopwatch
3. Fill 1 large cup Vi way w ith (sugar) water (EFH-1 ferrofluid density =  1.2g/cc)
4. Put ~2-3 spoons (10 ml) o f  Ferrofluid into cup o f  w ater (VERY GENTLY!).
5. Y ou have a m axim um  o f  5 m inutes to “rem ove” Ferro-fluid (*)
6. Have the time keeper start the stopwatch when you place m agnet on side 
beaker to rem ove Ferrofluid from water.
7. Record am ount o f  time your group took to rem ove Ferro-fluid in Table 4
8. U se the table below  to rate the purity o f  your water
P artB .
1. O btain /  M ix a solution o f  Oily Ferrofluid (at least Vi oil)
2. Repeat part (A) from step 3-8
Part C.
1. U se any m ethod to rem ove pure Canola Oil from w ater (be creative!)
Part D.
1. Perform the Com puter Simulation activity on the last page
Use the following table below to rate the purity of your water.
T able 1
Ferro-fluid with W ater
W ate r is 
com plete ly  
c lea r o f F erro- 
fluids
Less th a n  a 
q u a r te r  (1 /4 )  
o f  th e  F erro- 
fluid rem ain s
Less th an  
h a lf  (1 /2 )  of 
th e  F erro- 
fluid rem ain s
Less th a n  th re e  
q u a rte rs  (3 /4 )  
o f th e  F erro - 
fluid rem ain s
No Change 
w a te r  is th e  
sam e  as th e  
b eg inn ing  o f th e  
lab
0 1 2 3
O ily Ferro-fluid w ith W ater
W ate r is 
com plete ly  
c lea r o f  Oily 
F erro-flu ids
Less th a t  a 
q u a r te r  (1 /4 )  
o f th e  Oily 
Ferro-flu id  
rem ain s
Less th an  h a lf 
(1 /2 )  o f th e  
Oily F erro - 
fluid rem ain s
Less th an  th re e  
q u a rte rs  (3 /4 )  
o f th e  Oily 
Ferro-flu id  
rem ain s
No Change 
w a te r  is th e  
sam e  as th e  
beg in n in g  of 
th e  lab
0 1 2 3 4
T able 2
T able 3
Oil with W ater
W a te r is 
com plete ly  
c lea r o f Oil
Less th a n  a 
q u a r te r  (1 /4 )  
o f  th e  Oil 
rem ain s
Less th an  
H alf (1 /2 )  of 
th e  Oil 
rem a in s
Less th a n  th re e  
q u a r te rs  (3 /4 )  
o f th e  Oil 
rem ain s
No C hange w a te r  
is th e  sam e  as th e  
beg in n in g  of th e  
lab
0 1 2 3 4
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Use the following table below to rate the purity of your water.
T able 1
F erro -flu id  w ith  W a te r
W ate r is 
com plete ly  
c lea r o f F erro- 
fluids
Less th a n  a 
q u a r te r  (1 /4 )  
o f  th e  F erro- 
fluid rem ain s
Less th an  
h a lf (1 /2 )  of 
th e  F erro- 
fluid rem ain s
Less th a n  th re e  
q u a r te rs  (3 /4 )  
o f th e  Ferro - 
fluid rem ain s
No Change 
w a te r  is th e  
sam e  as th e  
b eg inn ing  of th e  
lab
0 1 2 3 4
O ily F erro -flu id  w ith  W a te r
W ate r is 
com ple te ly  
c lea r o f  Oily 
F erro-flu ids
Less th a t  a 
q u a r te r  (1 /4 )  
o f th e  Oily 
Ferro-flu id  
rem ain s
Less th a n  h a lf 
(1 /2 )  o f th e  
Oily F erro - 
fluid rem ain s
Less th an  th re e  
q u a rte rs  (3 /4 )  
o f th e  Oily 
F erro-flu id  
rem ain s
No Change 
w a te r  is th e  
sam e  as th e  
beg inn ing  of 
th e  lab
0 1 2 3 4
T able 2
T able 3
O il w ith  W a te r
W a te r is 
com ple te ly  
c lea r o f Oil
Less th a n  a 
q u a r te r  (1 /4 )  
o f  th e  Oil 
rem a in s
Less th an  
H alf (1 /2 )  o f 
th e  Oil 
rem ain s
Less th a n  th re e  
q u a r te rs  (3 /4 )  
o f th e  Oil 
rem a in s
No Change w a te r  
is th e  sam e as th e  
beg inn ing  of th e  
lab
0 1 2 3 4
T able  4
Ferro-fluid w / H 2O O ily Ferro-fluid w / H 2O Oil and H jO
Observation
Calculation: Take y o u r  b e s t tim e  fo r Oily F erroflu id  c lean u p  a n d  co m p u te  ho w  
m uch  su rface  a re a  o f w a te r  yo u  h av e  cleaned . Use th e se  tw o  n u m b e rs  to  fo rm  an  
A rea p e r  u n it tim e (choose good  un its!) o f  c leanup  ability . N ow  es tim a te  h o w  long it 
w o u ld  ta k e  to  clean  o n e  sq u a re  k ilo m e te r usin g  y o u r ra te .
Virtual Laboratory: Computer Simulations of Magnetic Oil Cleanup
3 6
C o m p u ters  a re  slow ly  rep lac ing  a c tu a l ex p e rim en ts  fo r te s tin g  an d  design  of 
p ro b lem s w h e re  "hands on" w o rk  is e ith e r  to o  expensive  (vehicle design , includ ing  
a irc ra ft a n d  sp a c e c ra f t) , too  d an g e ro u s  (w eap o n s tes tin g ), o r  ju s t im practical, often  
b ecau se  th e  p ro b lem  is very  large (an  ocean) o r  v e ry  sm all (a  fuel in jecto r).
R ealistic ex p e rim en ts  to  h e lp  clean  oil sp ills a re  expensive , d an g ero u s  an d  
im practical.
W h y ?______________________________________________________________________________
As you m ig h t guess, u sing  a  c o m p u te r o ften  involves m an y  sacrifices. W e m ay  lose 
th a t  "feel" fo r ho w  a p ro b lem  reac ts  physically  an d  w h a t w e see  on  th e  sc reen  m ay  
n o t lo o k  realistic . B ut often  o u r  "feelings" a b o u t physics can  lead  u s astray . For 
exam ple, y o u r p las tic  cup oil rem oval ex p erim en ts  m ay  n o t g ive you good  in tu itio n  
fo r h o w  th is  p ro cess  w ill "scale up" to  th e  size o f a la rg e  sh ip 's  ho ld  -  th e  scale on 
w h ich  it w o u ld  actua lly  tak e  place.
In th is  p a r t  o f th e  LAB you  w ill ru n  tw o  c o m p u te r sim u la tio n s in w hich  a s tro n g  
m ag n e t rem o v es a  lay er o f oil from  w a te r. T he physical p ro p e r tie s  o f  th e  oil an d  
w a te r  a re  accu ra te . The d ifference b e tw een  th e  tw o  sim u la tio n s is size. In one case, 
th e  c o n ta in e r is a b o u t 10cm  on  each  side  an d  in  th e  o th e r  case, it  is a b o u t 2 m e te rs  
on  each side.
1. Go to  one o f th e  2 c o m p u te r s ta tio n s.
2. Run th e  case  called THISBOX an d  w a tch  th e  "m ovie" o f th e  rem o v al o f  th e  oil
lay e r r e s u l t  In rea l tim e  th is  r e p r e s e n ts _____seconds. Pay close a tte n tio n  to
all th e  details: size an d  sh ap e  o f oil lay e r an d  an y  d ro p le ts , pay ing  p a rticu la r  
a tte n tio n  to  th e  lay er o f oil in th e  le ft h a lf o r  th e  box.
3. R ep eat fo r THATBOX case, includ ing  co m p ariso n  an d  c o n tr a s t
4. W hich case  do you th in k  re p re se n ts  th e  LARGER c o n ta in e r? ______________
5. N ow  w ith  th e  he lp  o f an  In s tru c to r, m ake  y o u r ow n change to  th e  physics of 
th e  p ro b lem . You can change th e  VISCOSITY o r  SURFACE TENSION of th e  oil, 
th e  s tre n g th  o f th e  m agnets, etc. Run th is  case  an d  com pare . Take n o te s  on  
w h a t h as changed  in  th e  re su lts  h e re  in  th e  space  rem ain ing :
T able 5 P lease  lis t som e P ros an d  Cons a b o u t Lab activ ities
Lab P ros Cons
F erro-flu id  Lab
Sim ulation  Lab
Appendix B
Interview Questions
1. Do you feel you clearly understood the concepts and lessons of this activity? If No: 
What didnt you understand and why? Pursue. If Yes: Give an example of something 
you understand
2. What did you learn from this lesson that you did not know before the lesson?
3. Have you ever used simulation codes of fluids to model or understand a physical 
process prior to performing this activity?
4. Based on you experience in this activity, please describe why you think simulations 
can be helpful in dealing with oil spills? Elaborate as much as you can
5. Why do you think simulations can be helpful in teaching about oil spills?
6. What can you learn from a simulation, that you would not learn, if the simulation 
were absent?
7. Based on your experience with the simulations in this activity, did you get a sense of 
the limitations of a fluid simulation tool as a virtual lab? Please elaborate on why or 
why not
8. Did you get a sense of proficiency/capabilities of a fluid simulation tool as a ’’virtual 
lab”? Please elaborate on why or why not
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9. Do you have more to add about your experience with this activity with simulation
codes or with oil spill cleanup?
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Appendix C
Transcript of Interview Response
1. Interview 1
Interviewer: Do you feel you clearly you understand the concepts and lessons of this 
activity?
Interviewee: Yes
Interviewer: Give an example of something you understood.
Interviewee: When you have more surface area or a larger volume that the suc- 
cess/effectiveness goes down.
Interviewer: What did you learn from this lesson that you did not know before the 
lesson
Interviewee: When youre testing for effectiveness you dont want oil spill to happen. 
It is good that we are testing it by using a cup and through simulation.
Interviewer: Have you ever used simulation codes of fluids to model or understand a 
physical process prior to performing this activity?
Interviewee: No, this is my first one.
Interviewer: Based on your experience in this activity, please describe why you think 
simulations can be helpful in dealing with oil spills? Elaborate as much as you can. 
Interviewee: Simulation is helpful because you can see it visually (verse) what you
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cannot see physically in your hands because things can get messy.
Interviewer: Why do you think simulations can be helpful in teaching about oil spills? 
Interviewee: Like I said, with the messy factor. More people can participate by look­
ing at the simulation (as oppose) to watching it in a group setting. There is only (two 
people needed) the time keeper and the person who is removing the thing with the 
pippet.
Interviewer: What can you learn from a simulation, which you would not learn, if the 
simulation were absent?
Interviewee: You could better grasp the numbers and variables because it shows on 
the graph (better visually).
Interviewer: Based on your experience with this simulation in this activity, did you get 
a sense of the limitations of a fluid simulation tool as a virtual lab? Please elaborate 
on why or why not?
Interviewee: I dont think it limited; I think it added on to what we establish with the 
physical. I think its good to have both of them. I wouldnt rely on just the visual alone. 
I think it was you had the presentation first.
Interviewer: Do you have more to add about your experience with this activity with 
simulation codes or with oil spills cleanup?
Interviewee: I command you, I think you did a great job!
2. Interview 2
Interviewer: Do you feel you clearly you understand the concepts and lessons of this 
activity?
Interviewee: Yes, from what I understand yes. Interviewer: Give an example of 
something you understood.
Interviewee: I noticed that it was harder to separate the canola oil and ferro-fluid 
mixture than the ferro-fluid and water mixture.
Interviewer: What did you learn from this lesson that you did not know before the
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lesson Interviewee: the whole technique of the ferro-fluid.I didnt know what that was. 
I didnt know you could clean up oil spill with that
Interviewer: Have you ever used simulation codes of fluids to model or understand a 
physical process prior to performing this activity?
Interviewee: No, I have not.
Interviewer: Based on your experience in this activity, please describe why you think 
simulations can be helpful in dealing with oil spills? Elaborate as much as you can. 
Interviewee: It can give an idea of how efficiency it will be based on the size. What 
we did with the simulation, we had one that was 10cm and one that was 2 meters and 
it was clearly a different. Scientists are able to see how efficient it will be in a larger 
scale rather than a lab setting.
Interviewer: Why do you think simulations can be helpful in teaching about oil spills? 
Interviewee: it can be used to show that there are positive results and it can be used 
on a larger scale.
Interviewer: What can you learn from a simulation, which you would not learn, if the 
simulation were absent?
Interviewee: the fact it can be applied to a larger scale.
Interviewer: Based on your experience with this simulation in this activity, did you get 
a sense of the limitations of a fluid simulation tool as a virtual lab? Please elaborate 
on why or why not?
Interviewee: it was pretty clear and straight forward.
Interviewer: Do you have more to add about your experience with this activity with 
simulation codes or with oil spills cleanup? Interviewee: I thought it was pretty an 
eye opener. I never really understood the exact nature of simulating something that 
large, in the terms of oil spills.
3. Interview 3
Interviewer: Do you feel you clearly you understand the concepts and lessons of this
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activity?
Interviewee: Yes
Interviewer: Give an example of something you understood.
Interviewee: In the actual lab, it was easier to filter the oil out of the water. Whereas 
with the magnetic, it would pull up so much because some of it would attract to the 
cup and you cant really grab all of it. In the simulation, the bigger scale it shows all of 
it at once unlike at a micro-scale, it shows where all of the little different oil particles 
are disbursing. So, it looks like it separating, but in the bigger scale it really isnt. 
Interviewer: What did you learn from this lesson that you did not know before the 
lesson Interviewee: It seems reasonable that you can filter out the oil, but it is not as 
easy doing it compares to the ocean.
Interviewer: Have you ever used simulation codes of fluids to model or understand a 
physical process prior to performing this activity?
Interviewee: No.
Interviewer: Based on your experience in this activity, please describe why you think 
simulations can be helpful in dealing with oil spills? Elaborate as much as you can. 
Interviewee: it can give you a better understanding on whats happening with the 
chemical or oil that is being investigated. So, I guess that helps in a lot of ways. It 
shows you that everything that happens on a computer does not happen in real life. 
Computers will keep it prim and proper; whereas in the real world that is not always 
the case.
Interviewer: Why do you think simulations can be helpful in teaching about oil spills? 
Interviewee: it gives you a visual affect to something that they dont normally think 
about on a daily basis.
Interviewer: What can you learn from a simulation, which you would not learn, if the 
simulation were absent?
Interviewee: Until this simulation, it didnt click in my mind that everything has an
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impact. Seeing the oil disburse made it clear that, it needed to go through that process 
first in order to be collected.
Interviewer: Based on your experience with this simulation in this activity, did you get 
a sense of the limitations of a fluid simulation tool as a virtual lab? Please elaborate 
on why or why not?
Interviewee: Changing the effectiveness of the magnetic, I believe in that way. Other 
than that, no.
Interviewer: Do you have more to add about your experience with this activity with 
simulation codes or with oil spills cleanup?
Interviewee: It was fun to do, but hard to remove the oil. I didnt think it was going to 
be that hard, but it was educational.
4. Interview 4
Interviewer: Do you feel you clearly you understand the concepts and lessons of this 
activity?
Interviewee: Yes
Interviewer: Give an example of something you understood.
Interviewee: The magnet will attract the oil, when the oil is mixed with the Ferro- 
fluid. With that, you are able to extract the oil from the water easier.
Interviewer: What did you learn from this lesson that you did not know before the 
lesson Interviewee: I didnt know you could magnetize oil.
Interviewer: Have you ever used simulation codes of fluids to model or understand a 
physical process prior to performing this activity?
Interviewee: No.
Interviewer: Based on your experience in this activity, please describe why you think 
simulations can be helpful in dealing with oil spills? Elaborate as much as you can. 
Interviewee: It gives a demonstration of some of the possible outcomes. There are 
limitations to the simulations. You might see something but you would have to test it
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out to see what will happen.
Interviewer: Why do you think simulations can be helpful in teaching about oil spills? 
Interviewee: you can project what will happen based off many factors such as the 
water temperate, habitat, the oil, wind current, and other factors that can play a part. 
Interviewer: What can you learn from a simulation, which you would not learn, if the 
simulation were absent?
Interviewee: With computer simulations you can use a trial and error method. Without 
it, it would create a bigger mess at the end.
Interviewer: Based on your experience with this simulation in this activity, did you get 
a sense of the limitations of a fluid simulation tool as a virtual lab? Please elaborate 
on why or why not?
Interviewee: I dont think it had limited; I believed it had value to the oil spill lab 
activity it gave a visual understanding on how the ferro-fluid moves through water 
Interviewer: Do you have more to add about your experience with this activity with 
simulation codes or with oil spills cleanup?
Interviewee: No, not really.
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Appendix D
Consent Form
MONTCLAIR STATE
UNIVERSITY
College o f Science and M athematic 
Department o f Mathematical Science 
Voice: 973-655-5131 
Fax: 973-655-7686
CONSENT FORM FOR ADULTS
Please read below with care. You can ask questions at any time, now or later. You can talk to other people 
before you sign this form.
Study’s Title: Modeling Magnetic Separation of Oil Spill Clean Up to Enhance Virtual Laboratory Learning in the 
Classroom
W hy is this study being done? My research will combine an applied mathematics study of oil spill cleanup to a 
mathematics education study of the efficacy of virtual laboratory activities in physical and mathematical sciences.
W hat will happen while you are in the study?
l.Upon arrival participant will be allowed to ask questions on the study 
2 .1 will conduct a lesson for about 45 minutes
3. After lesson participants will be allowed to experiment with simulations for about 20 minutes
4. The participants will be able to respond to interview question about their experience using simulations
5. Data will be transcribed and digital files will be erased within 5 weeks o f session
6. All transcribed data will be analyzed and maintained securely saved on a password-protected computer to 
which the facilitator has access.
7 .0nce the study has been completed, all transcriptions will be held in a locked file cabinet 
Time: This study will take about 4 hours
Risks: The risks are no greater than those in a normal physics classroom such as fatigue and boredom
Benefits: You may benefit from this study because you will learn how to use simulations, which make it 
possible to study problems in ways not possible in a laboratory experiment or in the real world. Simulation 
based virtual laboratory activities can provide an educational experience not otherwise possible, in particular 
when the subject involves safety risks and/or inaccessibly large or small length or time scales.
Compensation There will be no compensation for this study
Who will know that you are in this study? You will not be linked to any presentations. We will keep who you 
are confidential.
Do you have to be in the study?
Students have to come to the lesson just by virtue o f the professor’s attendance policy. However, if  a student 
speaks in class and does not want their comments included in the study, they may so. Also students can opt to 
be quiet.
The classroom exercises are a part o f the actual class setting, you do not have to contribute to the focus group, 
and you can request to have your answers removed from the final data. Nothing will happen to you.
Revised 07/2013 l
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MONTCLAIR STATE
UNIVERSITY
College o f Science and Mathematic 
Department o f Mathematical Science 
Voice: 973-655-5131 
Fax: 973-655-7686
You will still get the things that you were promised. Your grade for the course at MSU will not be affected.
Do you have any questions about this study? Phone or email the Principal Investigator Kofi James, 
jamesk2@ mail.montlcair.edu, 973-979-6089 or Dr. Philip Yecko, at 973-655-5184,
philip.yecko@montclair.edu or Dr. Eileen Fernandez at 973-655-7259, femandeze@mail.montclair.edu or Dr. 
Ashuwin Vaidya at vaidyaa@mail.montclair.edu
Do you have any questions about your rights as a research participant? Phone or email the IRB Chair, Dr.
Katrina Bulkley, at 973-655-5189 or reviewtKMd@mail.montclair.edu.___________________________________
Future Studies (Optional: you should only include this i f  you foresee use in future studies)
It is okay to use my data in other studies:
Please initial:  Yes  No
Study Summary (Optional: you may offer this to participants)
I would like to get a summary o f this study:
Please initial:  Yes   No
When the investigator is audiotaping, videotaping, or photographing participants, add the follow ing 
statement, note only pertinent processes:
As part o f this study, it is okay to (audiotape, videotape, or photograph) me:
Please initial:  Yes  No
One copy o f this consent form is for you to keep.
Statement of Consent
I have read this form and decided that I will participate in the project described above. Its general purposes, the 
particulars o f involvement, and possible risks and inconveniences have been explained to my satisfaction. I 
understand that I can withdraw at any time. My signature also indicates that I am 18 years o f age or older and 
have received a copy o f this consent form.
Print your name here Sign your name here Date
Name of Principal Investigator Signature Date
(Ifyou have a faculty sponsor, please include the following signature line. I f  not, delete the lines below.)
Name of Faculty Sponsor Signature Date
Revised 07/2013 2
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